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CREATED BY 3MeV e--IRRADIATION
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ABSTRACT:
Information about vacancy delects created in RPV(Rcactor Pressure Vessels) steels after neutron

irradiations are obtained via a simulation:
The RPV steels are simulated by a series of high purity Fe-based alloys representing the

industrial alloy composition.
The neutron irradiation is simulated by a 3MeV electron irradiation.
Vacancy defects characteristics are obtained by positron lifetime techniques. Irradiations are

made at 15O0C or 2880C, with a dose of 4* 101^ c-/cm-, and followed by isochronal annealine in the
range 20 -5000C.

The observed vacancy defects are single trapped vacancies and small vacancy clusters, the size of
which being lower than 10 empty atomic"volumes! Vacancy clusters containing more than 50 empty
atomic volumes were never found). A large recovery step is observed between 200 and 40O0C, after
1500C irradiation and attributed to vacancy-impurity detrapping. and also, vacancy cluster
evaporation. The influence of C, Cu and Mo are presented.

These results are in agreement with a model supposing, in pure Fe. single vacancy migration at
-500C and vacancy-impurity detrapping at 2000C.

INTRODUCTION:
The irradiation damage play an important role in the security of nuclear reactors. Several studies

were made about the neutron irradiation enhanced diffusion, the impurity agglomeration and the
vacancy clustering! 1.2,3,4,5].

This work is a part of a general study of vacancy type delects in Fe-based alloys using positron
lifetime techniques:

In pure Fe, it was shown that single vacancy migrates at 220K[6];
In FeNiCr austenitic alloys, vacancy clusters overcoming 1000 empty atomic volumes were

evidenced after an electron irradiationf7,81;
In EDF(Electricité De France) industrial fern tic steels, the size of observed vacancy clusters

never overcome 50 empty atomic volumes under normal neutron or electron irradiations[9,10].

EXPERIMENT:
The Fe-based alloys were melted in CENG with hyperpure Fe containing less than lOappm of

C+N[11.12], and Johnson Maiihey Cu. Mn and Mo.' Alloys of Fe, FeCu(0.1%), FeCu(0.1<7c)C
(0.002, 0.004, 0.01%) , FeCu(O.l%)Mo(0.5. I. 2<7r) and FeCu(O.l%)Mn( 1.2%) were elaborated.
Before irradiation, they were annealed under K)"6 Torr. during 8h at 623°C(900K), and slowly
cooled.

The samples were irradiated at 1500C and 2880C with 3MeV electrons to a standard dose of
4*101 9 e-/cm2' obtained in 72h using ihe Van de Graalï accelerator of CENG/SP2M/LPI. These
irradiation conditions were chosen because:

*150°C is below dissociation temperature of vacancy-carbon complexes given by Arndi[ 13];
*288°C is the temperature of cold leg of the pressure vessel of French reactors;
*The 288°C standard electron dose appears convenient to represent a 13 years neutron

irradiation in RPV steels.
* Permanent address: Department of Physics. Wuhan University, Wuhan, Hubei 430072, CHINA
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For a comparison between irradiation- and coldwork-vacancy defects, a set of specimens was
heavily cold-worked with a cold rolling reducing the specimen thickness of 809c.

The isochronal annealing(AT=50K.. Al=30min.) were carried out under vacuum until 4230C for
irradiated samples and 7230C for coldworked samples. At each step of the isochronal annealing, a
positron lifetime spectrum is obtained. A spectrum of 10^ events is obtained with a spectrometer
havins a FWHM 240ps in operating conditions. Positrons come from a ~20|iCi —Na source
sandwiched by Ni foils. Experimental conditions and one or two lifetime analysis are described
elsewhere(8].

RESULTS :
Figures 1 - 4 presents ihe

evolutions of the positron average
lifetime in different conditions.
The error bars on the average
lifetime are ± lps and are noi
represented on the Figures. The
variation of long or short
components and their intensity arc
not presented here and will be
published rapidly[ 14].

Figure 1 presents the evolution
of the positron lifetime after a
standard 15O0C irradiation as a
function of the annealing
temperature, in pure Fe and in
three Fe-based alloys. Values of
the lifetime before irradiation are
around I20ps: they are indicated
above the point 280K. After a
1500C irradiation, the lifetime
increases, especially for FeCu(0.19f) alloy!-22()ps). In pure Fe. the lifetime increase is very small.
39c.

In the three investigated alloys, a very large recovery step is found between 2000C and 4000C. It
look too larse to be attributed to a unique recovery process. In FeCu(0.19J-)and in

FeCu(O. l9c)Mo(27c). the
recovery is not terminated after an
annealing at 4270C. This
recovery step can't be delected in
pure irradiated Fe.

Figure 2 presents the results of
FeCu(0.17c) and FeCu(OJ9c)Mo
(27c) after 2880C irradiation.
Results after a 150°C for the same
alloys are presented as a
comparison. For the FeCu
(0.1 %) alloy, we note ihe
crossing of the 15O0C and ihe
288°C-cuvre, attesting an higher
lifetime after a 288°C~irradiition
than after a I50°C followed by a
convenient annealing.
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Heure 1 The dependence of lifetime on annealing temperature
in 15OCC irradiation ailovs
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Figure 2 The dependence of lifetime on ihe annealing temperature in 150°C

and 288CC irradiation

also, the maximum effect is obtained in FcCu(0.19J-).

On figure 3, the results of an
heavy coldwork is presented. The
average lifetime is increased in all
alloys, and also in pure Fe. Here

Two recovery steps are observed in all
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Figure 3 The dependence of lifetime on the annealing temperature
in coldwork allovs

specimens. The temperature of
the second step appears impurity
dependent and is shifted towards
high temperatures if Mo, Mn are
present.

Figure 4 presents the
variations of the averaee lifetime
in FeCu(O. l%)Cfx) and
FeCu(O. l%)Mo(x) as a function
of the Xc wt%, or XM0 wt%.
Before irradiation, the lifetime is
constant and about 120ps, not far
from the value of pure Fe. After
a 2880C irradiation, the lifetime
appears very sensitive of the

carbon content, because x a v is
reduced from 160ps to 128ps by
0.002 wt% of carbon.
Molybdenum has the same effect
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but a concentration of 0.4 wt7r is need to obtain the same effect.

DISCUSSION:

Pure Fe: After an irradiation at 1500C. the xav is very near of the value observed in well
annealed, non irradiated iron. This result indicates that no vacancy defects are retained in the
hyperpure iron after 15O0C irradiation. This result is agreement with the model previously presented:
The 15O0C irradiation creates single vacancies with a 0.55ev migration energy[6]. So, they migrate
very quickly at 15O0C, without having a chance to meet another vacancy and forming a poly vacancy.
They disappear in dislocation or grain boundaries, without impurity-trapping because the iron is very
pure.

On the contrary, in a 2O0C coldwork. mono and polyvacancies are simultaneously formed(and also
polyinterstitials, not detected
here). The evolution of the long
components, well above the value
of the dislocation, indicates that
polyvacancies are present. They
are stable till 2000C and then
anneal out in a recovery step.
This is in accordance with the
previous experiments of coldwork
and/or irradiation of hyperpure
iron at 20K[61 or at 27°C[ 15].

Fe(0 .1%)Cu: After 1500C
irradiation, a high x a v is
observed. Two components
analysis reveals the existence of
small vacancy clusters, attesting
the property of Cu to cluster
vacancies in three dimensional
voids of 5 to 10 empty atomic
sites, in concentration of about
5*10-8 ( vacancy/atom ). Such
vacancy clusters grow in size
durins annealinc. then evaporate
above 2000C.

Alter a 288°C irradiation, different defects are formed, involving 2 or 3 vacancies, in concentration
about 10-7(vacancy/atom). which are stable till 35O°C.
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Figure 4 The dependence of lifetime on the concentration of C. Mo



Alter a 2()°C coldwork, the big increase of the lifetime confirms the property of Cu to collapse
small vacancy aggregates.

Fe(0.1%)Cu(0.002. 0.004 and 0.01^)C: It is interesting to note that a very few quantity
of carbon(0.002 \vi7c in case of figure 3 and 0.01 wt% in case of figure 1) reduces the value of the
lifetime. The same effects appears on figure 4. after a 2880C irradiation. This confirms the high
purity of the CENG iron.

Fe(0.1%)Cu(0.5, 1 and 2Cr)Mo: In presence of Mo, vacancy defects anneal out at higher
temperature, +H)O0C for 2?c of Mo. The impurity Mn seems to have the same hehaviour.

On figure 4 is shown the property of Mo to decrease Tav- Before concluding that Mo acts as
carbon, with an efficiency reduced by a factor 200, we have to confirm the carbon concentration of
our Molybdenum.

Recovery Step 2000C - 4000C: This step is too large to correspond to a unique mechanism.
On figure 1. this recovery step is found for any irradiated alloys except for irradiated pure Fe. Figure
3 show that a similar step is observed in all specimens after 2O0C coldwork, including pure Fe.

Below this step, trapped single vacancies are delected by a two lifetime analysis(with the exception
of FcCu(0.1%), where trapped polyvacancies are detected). Above this step, there are absent.
However, small vacancy clusters survive. As suggested by Arndt[13], this step corresponds
certainly to detrapping of vacancies from impurity(esscntially Carbon). Vacancy cluster evaporation
occurs probably just above this range of temperature.

CONCLUSIONS:
These experiments are in agreement with the hypothesis of the isolated single vacancy migration at

-500C and the single vacancy-impurity dissociation above 2000C.
The recovery step observed above 2000C is too large to be attributed to only one process. In our

interpretation it corresponds to single or poly vacancy-impurity dissociations in its first part and
vacancy-clusters disparition in its final part.

Carbon trap single vacancy, copper creates small vacancy clusters and Mo. Mn stabilize strongly
irradiation or coldwork vacancy defects.

ACKNOWLEDGEMENT:
The authors would like to thank M.Dubus. A. Vieux-Champagne and P. Remy for their valuable

experimental assistance. This work was supported by a EDF-CENG contract N°23O5.

REFERENCE:
1 ) E. A. Little. Preceding of the conlerence organized by the British Nuclear Energy Society on Dimensional

Stability and Mechanical Behavior of Irradiation Metals and Alloys. Brighton. P. 141(1979)
2) li.G. Lucas. G. R. Odeiie. P. M. Lombro/.o and J. W. Sheckherdr Effects of Radiation on Materials. ASTM-SlP

S70. American Society for Testing and Materials. P. 90011985)
31 F. A. Smidt and J. A. Spraque. Effects of Radiation on Materials. ASTM-STP 529. American Society for

Testing and Materials. P. 79( 1973)
4) F. Frisius and D. Buncmann. Preceding of the International Conference on Irradiation Behavior of Metallic

Materials for Fast Reactor Core Components. Commissariat a LT-nergie Atomique. P. 247(1979)
5) J. C. Van Duysen. J. Bourgoin. P. Moser anil C. Janot Radiation Embrittlement of Nuclear Reactor Pressure

Vessel Steels. AIEA. Balatonlurcd. Hungary. 25-28/09/90
6i P. Hautojarvi. T. Judin. A. Vehanen. J. Yli-Kauppila and P. Moser. Solid State Commun.. 29.855< 1979)
7) D. Iluguenin. P. Moser and F. Vanoni. Journal ol Nuclear Materials. 162,73(1989)
Si D. Iluguenin. thesis. University of (lrenobie I ( 19K9)
9( G. H. Dai. P. Moscr and J. C. Van Duyscn. Materials Science Forum. Vol. 105-110.941(1992)

10i P. Moscr. X. II. Li. A. Akamatsu and J. C. Van Duyscn. ICPA-10
11 ) F. Vanoni. Thesis. University of Grenoble 11197?)
12) A. Vehancn. P. llauiojam. J. Johansson. J. Yii-Kauppila and P. Moser. Physics Review. B25_.762( 1982)
131 R. A. Amdt and A. C. Damask. Acta. Met.. J2.341 f 1964)
14) X. II. LI. Thesis. University of Grenoble I ( 1994)
15) G. II. Dai. X. II. Li. P. Moser. G. Moya and J. C. Van Duysen. ACTA Physica Polonica. A82.277U993)


